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Chromatin structureThe nucleosomal subunit organization of chromatin provides a multitude of functions.
Nucleosomes elicit an initial 7-fold linear compaction of genomic DNA. They provide a critical
mechanism for stable repression of genes and other DNA-dependent activities by restricting binding
of trans-acting factors to cognate DNA sequences. Conversely they are engineered to be nearly
meta-stable and disassembled (and reassembled) in a facile manner to allow rapid access to the
underlying DNA during processes such as transcription, replication and DNA repair. Nucleosomes
protect the genome from DNA damaging agents and provide a lattice onto which a myriad of
epigenetic signals are deposited. Moreover, vast strings of nucleosomes provide a framework for
assembly of the chromatin ﬁber and higher-order chromatin structures. Thus, in order to provide
a foundation for understanding these functions, we present a review of the basic elements of nucle-
osome structure and stability, including the association of linker histones.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. The nucleosome core
Nucleosomes constitute the basic repeating subunit of chro-
matin. Each nucleosome can be considered as composed of a nucle-
osome ‘core’, linker DNA, and in most instances, a linker histone.
We will ﬁrst consider the components and structure of the nucle-
osome core, and then the linker DNA and linker histone [chromatin
structures beyond the nucleosome level will be covered in subse-
quent chapters in this volume]. The structure of the nucleosome
core is relatively invariant from yeast to metazoans [1,2], and
includes a 147 bp segment of DNA and two copies each of four core
histone proteins. The core histones assemble into a spool-like
structure onto which the core DNA is wrapped, in about 13=4
left-handed superhelical turns, forming a squat disc-like structure
about 5.5 nm in height and 11 nm in diameter [3] (Fig. 1A). The
core DNA is in tight association with the core histones and is pro-
tected from nuclease digestion whereas the linker DNA is rapidly
digested. Indeed the term ‘‘nucleosome core particle’’ was origi-
nally deﬁned as the product of extensive micrococcal nuclease
digestion of native chromatin [4].
2. The core histones
The four core histones are relatively small (11–15kDa), very
basic proteins that are highly conserved among eukaryotic species.About 25% of the mass of each core histone is contained within an
N-terminal ‘tail’ domain that is unstructured in the absence of DNA
or other macromolecular interactions (discussed below). The bulk
of the histone protein mass is comprised by a largely a-helical
C-terminal domain that provides for histone-histone interactions
to form the octameric column-like structure onto which the DNA
is wrapped. A ‘histone fold’ motif constitutes the majority of each
of the C-terminal domains, which has a nearly identical structure
in all four core histones, despite little primary sequence homology
between the proteins [5]. This motif is comprised of two shorter
a-helices (a1 and a3) 9 to 14 residues in length, that bracket a rel-
atively long (29 residue) central a-helix (a2), with the a-helices
connected by short loop/b-segments [1] (see Fig. 1B). Note
a-helical regions are also present outside of the histone fold
domain (Fig. 1B, brackets, see below). The histone fold forms an
extensive protein–protein interface described as a ‘handshake’
interaction that directs heterodimerization of histones H2A with
H2B and H3 with H4 [5,6] (Fig. 1C). Interestingly, the H3/H4 dimer
has a modest stability of about 6–7 kcal/mol under physiological
conditions, compared to 11–12 kcal/mol for the H2A/H2B dimer
[7–9]. Notably, the histone fold motif has come to be recognized
as a ubiquitous dimerization interface conserved throughout evo-
lution and found in a wide array of protein complexes, including
those that do not associate with DNA [10].
The histone dimers associate with each other primarily via
4-helix bundles at the dimer–dimer interfaces (Fig. 1D, highlighted
by black ovals). The H3/H4 dimer self-associates via an H3:H3
interface to form a stable tetramer in solutions of physiological
Fig. 1. Structural details of a nucleosome core. (A) Model of a nucleosome core (PDB: 1KX5, ref: [20]). Shown are a view down the superhelical axis, and a view rotated 90
about a horizontal axis, as shown, looking down the dyad axis of the nucleosome. H2A, green, H2B, blue, H3, yellow, H4, red. Proteins in lower half of nucleosome are lighter in
color. (B) Top: Schematic showing secondary structure of the core histone proteins, with a-helices represented by columns. Dashed lines indicate approximate residues
within ‘tail’ domains; shaded boxes indicate the 3-helix histone fold domains within each protein, with ﬁrst and last residues within a1, a2 and a3 helices indicated.
Additional helices outside the histone fold domain are indicated by brackets, Bottom: Linear representation of primary contacts between the core histone proteins in the
nucleosome core. Core histone dimerization partners are separated by dashes; dimer–dimer interactions via 4-helix bundles are indicated by colons. (C) H2A-H2B (green/
blue) and H3-H4 (yellow/red) histone fold domain dimers. a1, a2 and a3 helices indicated, corresponding to (B). (D) Schematic showing one-half of nucleosome core, looking
down the DNA superhelix axis. Superhelix sites are indicated by italicized numerals; 4-helix bundles between H3:H3 and H4:H2B are highlighted by ovals; blue and black
arrows indicate paired loop and paired-end-of-helix DNA interaction sites. Yellow arrow indicates site of interaction centered on the N-helix in H3. Note, a small amount of
DNA and H3 from the non-depicted half of the nucleosome core are shown for clarity, lighter in color.
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of the H4/H3:H3/H4 tetramer via a H4:H2B 4-helix bundle to form
a symmetrical string of four tetramers that generate a helical ramp
of DNA contact sites (Fig. 1B, bottom, and D). Of note, the H2B:H4
interface is signiﬁcantly less stable than the H3:H3 interface such
that the entire histone octamer is formed only when wrapped by
DNA or in solutions of high (2 M) salt due to the high positive
charge of the component proteins. The H2A/H2B and H3/H4 dimers
form a symmetrical arc-shaped structure in which three distinct
DNA binding sites are arranged along the outer curved edge
(Fig. 1D, blue and black arrows). Each of the three DNA contacts
are composed of paired structural elements from each dimer and
include two paired b-loops (blue arrows) and a central set of paired
a-helical ends (black arrows), each spaced to contact the DNA
backbone where it faces the proteins, approximately once every
helical turn of DNA [1,6]. DNA contacts within the nucleosome
are discussed further below.
3. Nucleosome core DNA
The DNA associates with the histone octamer such that nucleo-
some dyad axis passes through a single base pair at the center ofthe structure. The DNA helix at the dyad straddles the H3:H3 inter-
face with the minor groove oriented directly away from the histone
surface (Fig. 1 D). This central (dyad) position is typically demar-
cated as position 0 in the DNA superhelix, with other super helix
positions (±1, ±2, etc.) located at outward-facing minor grooves
found at successive helical turns extending in either direction from
super helix location (SHL) 0 [1] (Fig 1D). Given the formal 2-fold
symmetry in the nucleosome, the location of a single base pair
on the dyad indicates that an odd number of base pairs, nominally
147, should be considered as the length of DNA within the nucle-
osome core. However, it is important to keep in mind that micro-
coccal nuclease excision of nucleosome core particles from
chromatin results in a wide distribution of DNA lengths due to
the sequence preference of the enzyme [11].
DNA is highly contorted by assembly into nucleosome cores.
First, the DNA, which has a persistence length of about 150 bp,
must be bent into 13=4 left-handed superhelical turns of about
80 bp/turn. This bending is largely accomplished through base pair
roll into the minor and major grooves where these grooves are ori-
ented toward the histone octamer surface, with very little contri-
bution of tilt [1,12,13]. The nucleosomal DNA superhelix is
relatively ﬂat, with a rise of about 30 Å per 80 bp superhelical
2916 A.R. Cutter, J.J. Hayes / FEBS Letters 589 (2015) 2914–2922turn and a diameter of about 42 Å, although the curvature is not
uniform, with sharpest bends occurring at about 1½ and 4½ turns
from the center (dyad position) of the nucleosome [1] (Fig. 1D).
Interestingly, the superhelical rise is accomplished primarily
through base pair slide that occurs mainly at the aforementioned
periodic sites of roll-based bending, where the minor and major
grooves face the histone octamer [13]. Thus dinucleotide base pair
steps with roll-based bending and slide occur every 5 bp and sep-
arate short stretches of relatively straighter DNA within the
nucleosome.
Although some features of sequence-dependent variation in
B-DNA structure found in naked DNA persist in nucleosomes, and
affect the overall stability of DNA wrapping in the structure, clearly
the histones proteins are dominant in deﬁning the overall shape of
the DNA [14,15]. The signiﬁcant and well-deﬁned deformation of
the nucleosome core DNA and the sequence-dependent structure
and anisotropic deformability of DNA provides for the important
phenomenon of sequence-dependent nucleosome positioning [16].
Furthermore, association with the core histone octamer con-
strains the helical twist of the DNA, decreasing the average bp/heli-
cal turn from about 10.5 to 10.2 within the nucleosome
[1,12,17,18]. In addition to providing an additional structural fea-
ture that might be exploited for translational positioning, the
change in twist accounts for the so-called nucleosomal linking
number paradox whereby the nucleosome contains an apparent
13=4 superhelical turns but constrains only 1 negative supercoil
of DNA [19]. However, it is important to note that the DNA twist
is constrained by localized histone-DNA contacts that precisely
position DNA backbone positions along one face of the DNA and
thus the total twist between contact points formally may vary by
integral base pair units [12]. Indeed, the initial high-resolution
crystal structure analysis of a nucleosome core containing 146 base
pairs of DNA showed an asymmetric disposition of 72 and 73 base
pairs in each of the two halves of the structure (with a single base
pair at the dyad) resulting in a ‘twist defect’, in which the DNA was
overwound by 1 base pair between sets of contact points [1] to
account for the ‘missing’ base pair. Further analyses indicated that
the site of over-winding was partially delocalized throughout the
nucleosome core [20,21], and that such ‘twist defects’ may be a
common feature of most nucleosomes. This suggests a mechanism
whereby the DNA may be moved with respect to the histone octa-
mer without the need for concerted disruption of all histone-DNA
interactions, by diffusion of overwound regions directionally
through the nucleosome [1,12,20].
4. Histone–DNA contacts within the nucleosome core
Investigations of the salt-dependence of heat-induced DNA end
fraying in nucleosome core particles led McGhee and Felsenfeld to
the conclusion that a surprising small number (15%) of DNA phos-
phates were involved in direct charge–charge interactions with the
core histone octamer at the nucleosome periphery [22]. Indeed the
initial high-resolution X-ray crystal structure of a nucleosome core
showed that only 2 phosphates per strand per helical turn are
involved in direct interactions with the core histones [1].
Contacts occur primarily between the paired-loop and
paired-end-of-helix elements in the histone fold domains and the
DNA backbone where the minor groove is oriented toward the pro-
tein surface (Fig. 1D, see above). These contacts to the DNA include
interactions between the phosphate residues and lysine and argi-
nine side chains as well as main chain amide nitrogens [1,20].
Importantly, at each of the fourteen main backbone contact points
over the length of the 147 bp of nucleosome core DNA, a highly
conserved arginine interacts with the minor groove, to help pre-
cisely position the DNA, facilitate overall DNA bending, and thesuperhelical shape [1,20,23]. Most of these arginines insert into
the minor groove and also form hydrogen-bonds and non-polar
interactions with deoxyriboses [20]. Eight of these arginines (H3
R83, H4 R45, H2A R42 and H2A R77) emanate from paired loop ele-
ments and are especially conserved in position among available
crystal structures of nucleosome cores and precisely position a
phosphate in relation to the protein [12,23]. Indeed mutation of
at least some of these ‘special’ positions are associated with SIN
mutations in yeast, and lead to increased nucleosome mobility
and accessibility.
Several structural elements of the core histones outside of the
histone fold domains, including as the histone tail domains (dis-
cussed below) and extra-fold a-helices (Fig 1B) also play important
roles in contacting nucleosome DNA. For example, each of the four
histone fold dimers spans about 30 bp of contact with nucleosome
DNA, such that the 4-dimer unit accounts for about 120 bp of con-
tact with DNA within the nucleosome [1]. Importantly, the full
147 bp of stable interactions found in the nucleosome core
includes an additional strong contact to the edge of the core DNA
made by the N-terminal non-histone fold a-helix within H3 and
the beginning of the H3 N-terminal tail domain [1] (Fig. 1B, brack-
ets and Fig. 1D, yellow arrow). This crucial point of contact inhibits
invasion of the nucleosome by processive enzymes and includes a
lysine residue (K56) that is acetylated in vivo and regulates the
strength of histone–DNA interactions and the probability of DNA
unwrapping at the edge of the nucleosome core [24].
5. Core histone tail domains
Beyond the structured regions that form the spool onto which
the DNA is wrapped, the remaining 25–30% of the mass of the core
histones consists of the largely structurally undeﬁned but evolu-
tionarily conserved ‘‘tail’’ domains (Fig. 1B, dashed lines). These
domains are located at the N-terminal portion of all four core his-
tone proteins and the C-terminus of histone H2A and were origi-
nally deﬁned by their sensitivity to proteases, indicating their
exposure to solvent and dynamic nature relative to the so-called
‘structured’ domains [25]. X-ray crystal structures of nucleosome
core particles show that the tail domains follow minor grooves of
DNA to the exterior of the nucleosome [1,20]. The tails of histones
H3 and H2B exit to the exterior of the nucleosome core between
adjacent DNA superhelical gyres where the minor grooves of both
the upper and lower gyres are aligned to form a channel (Fig. 2, yel-
low and blue tails, respectively). The H3 tail domains exit through
aligned grooves beginning approximately at SHL 6.5/0.5 and
6.5/0.5, while the H2B tail exits at 4.5/2.5 and 4.5/2.5 [1,20].
The N-terminal tail domains of H2A and H4 follow minor grooves
over/under the top/bottom superhelical turns to the exterior of the
nucleosome (Fig. 2, green and red tails, respectively), but alterna-
tive paths are observed in some models from crystal structures,
highlighting the ﬂexible nature of these domains.
The tail domains are often referred to as the ‘‘unstructured,’’
portions of the core histones and indeed these regions adopt ran-
dom coil conformations when the proteins are free in solution,
unassociated with DNA, or released from their nucleosome binding
sites in high salt solutions [26,27]. The core histone tail domains
contain a preponderance of lysines and arginine residues, with sig-
niﬁcant amounts of glycine, alanine and threonine in certain tail
domains. Indeed, sequence analysis places these domains ﬁrmly
within the class of intrinsically disordered peptides [28].
However, the majority of the tail domains associate tightly with
nucleosome binding sites in nucleosomes in physiological salts
[26,27], with conformational equilibrium constants of 50–100
[29]. The tails contribute marginally to the thermal stability of
mononucleosomes [30] and removal of the tail domains increases
Fig. 2. Core histone tail domains and nucleosome DNA. Several orientations with only tail domains and nucleosome DNA are shown from an X-ray crystal structure model of a
nucleosome core (PDB: 1KX5, ref: [20]). (A) View down the nucleosome superhelix axis. (B) View rotated 90, looking down the nucleosome dyad axis. (C) View rotated 90
about vertical axis looking orthogonal to dyad axis, showing tails of H3 (yellow) and H2B (blue) exiting through the superhelical gyres while the H4 (red) and H2A (green)
tails exit over/under the superhelix. (D) View with additional 30 rotation about vertical axis, showing only H2B tail exiting through aligned minor grooves (black oval).
Protein colors as in Fig. 1. Nucleosome dyad axis is indicated (dotted line).
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of DNA-binding factors to nucleosome DNA [31–35]. Thus protease
sensitivity and reported mobility on the NMR timescale are likely
attributable to the 2–4% of the time the tails spend dissociated
from the nucleosome surface and in random coil conformations
in physiological salt conditions. Moreover, when bound within
chromatin, crosslinking evidence suggests that the tails domains
adopt deﬁned structures and make speciﬁc interactions when
bound within the chromatin ﬁber [36,37]. Moreover, CD measure-
ments of tail-containing and tail-lacking nucleosome cores suggest
that the tail domains adopt a signiﬁcant amount (about 20%) of
a-helical conformation at physiological salts [38]. Interestingly,
hyperacetylation of tail domains appears to increase the a-helical
content of the tails [38].
The tails are readily accessible to enzymes that carry out post-
translational modiﬁcations important for epigenetic signaling.
Moreover, these domains are in position to mediate internucleoso-
mal interactions within condensed chromatin structures, and, in
fact, this appears to be their primary role in organizing
higher-order chromatin structures. The tail domains are essential
for condensation of nucleosome arrays into secondary and tertiary
chromatin structures [39–41] and interact with multiple protein
and DNA targets in chromatin [42]. For example, as originally
observed in a crystal structure of a nucleosome core [1], a portion
of the H4 tail interacts with an acidic patch on the surface of the
H2A/H2B dimer of an adjoining nucleosome, both in solution
[43,44] and in cells [45]. Likewise, the H3 tail domain contacts
the DNA of its own nucleosome in extended nucleosome arrays,
while exclusively contacting the DNA of neighboring nucleosomes
in condensed chromatin [46]. Consistent with the proposal that thetail domains fulﬁll multiple independent functions, both the H3
and H4 tails participate in local inter-nucleosome contacts to facil-
itate folding of the chromatin ﬁber and long-range ﬁber–ﬁber con-
tacts to mediate formation of higher order chromatin structures
[46–49]. Moreover, speciﬁc posttranslational modiﬁcations within
the tail domains likely elicit distinct chromatin states by either
directly or indirectly altering tail interactions [42,50,51]. For exam-
ple the acetylation of lysine 16 within the H4 N-terminal tail
domain reduces H4 tail interactions with an acidic pocket on the
protein surface of the nucleosome formed by residues from H2A
and H2B, an interaction shown to contribute to the stability of
condensed chromatin structures [1,43,52–54]. In general,
acetylation restricts the ability of nucleosome arrays to undergo
salt-dependent folding and oligomerization, presumably by
directly modulating tail interactions with protein or DNA targets
[41,55,56]. However, the mechanism(s) by which most acetylation
alters tail interactions is not known. Thus the core histone tail
domains play critical structural and regulatory roles in nucleo-
somes and higher order chromatin structure.6. Nucleosome dynamics
As pointed out above, the assembly of DNA into nucleosomes
results in protection from nucleases and greatly restricts the bind-
ing of trans-acting factors. While a full treatment of this subject is
beyond the scope of this review, it is important to highlight that
nucleosomes are dynamic entities that undergo facile excursions
to conformational states other than the fairly uniform structures
that are observed in X-ray crystal studies. For example, as was ﬁrst
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siently unwraps and rebinds the surface of the nucleosome at suf-
ﬁciently rapid rates and with sufﬁcient probability to allow access
to DNA binding factors [58]. This dynamic behavior exposes DNA
sites with a probability of about 1 in 103 to 105 as one moves from
the periphery of the nucleosome toward the center so the apparent
DNA binding afﬁnities of many trans-acting factors for nucleoso-
mal DNA simply will be reduced by 103–105 compared to the
afﬁnities of these factors for the same sites in naked DNA. Thus,
although the time-averaged fraction of nucleosomes with exposed
binding sites is small, the dynamic nature of the unwrapping pro-
cess allows factors having sufﬁciently high afﬁnities for naked DNA
and/or present in locally high concentrations to thermodynami-
cally compete with the core histones for binding with the DNA
on physiologically relevant timescales. Of note, the conformational
equilibrium constant describing this ‘unwrapping’ transition is
dependent on DNA sequence [58,59] but does not substantially
depend on the presence of core histone tail domains or the pres-
ence of neighboring nucleosomes [32,60]. These results show that
nucleosomes by themselves provide only a surmountable thermo-
dynamic barrier to factor binding, rather than an absolute kinetic
block to factor access to nucleosomal DNA.
Moreover, the protein–protein interactions within the nucleo-
some also appear to undergo excursions to alternative states that
may have physiological signiﬁcance. Prunell and colleagues pro-
vided evidence that the H3/H4 tetramer can, under speciﬁc condi-
tions of DNA torsional stress, undergo a change to a right-handed
conformation involving realignment of the H3–H3 interface [61].
The altered conformation is promoted by removal or acetylation
of the H4 and H3 tail domains, [62–64]. This transition requires
dissociation of H2A/H2B dimers from the nucleosome and may
result from the positive supercoiling stress that accumulates in
front of transcribing polymerases in order to generate a more tran-
scriptionally permissible template [65–67]. Evidence has been pre-
sented for other conformational excursions within the nucleosome,
including opening of the H2A/H2B dimer – H3/H4 tetramer inter-
face that precedes DNA unwrapping [68] and nucleosome ‘gaping’,
which may involve increases in the distance between the superhe-
lical turns of DNA in the nucleosome [69].
7. Linker histone (H1)
Linker histones (H1s) are a primary component of nucleosomes
in higher eukaryotes and thus should be included in any discussion
of basic nucleosome structure. The H1 family of proteins is less
conserved between species than that of the core histones, varying
in both sequence homology and number of non-allelic variants
across eukaryotes. Linker histones are present with an abundance
of about 1 per nucleosome in vivo [4] and exhibit stoichiometric
and preferential binding to nucleosomes in vitro [70]. H1s fulﬁll
numerous functions including stabilizing wrapping of DNA around
the nucleosome, promoting folding and assembly of higher order
chromatin structures [47,71], inﬂuencing nucleosome spacing on
DNA [72,73], regulating speciﬁc gene expression [74,75], and sup-
pressing transcription of repetitive transposable DNA elements
packaged into heterochromatin [76]. Moreover, speciﬁc posttrans-
lational modiﬁcations of linker histones have been linked to
numerous cellular processes, including replication timing and
mitosis [77–79]. H1s bind to the nucleosome exterior and can be
extracted from native chromatin by lower salt concentrations than
required for removal of the core histone proteins [4]. Consistent
with their weaker binding, linker histones exhibit much greater
mobility about the nucleus than the core histones, as shown by ﬂu-
orescence recovery after photobleaching (FRAP) experiments with
an H1-GFP fusion [80].Early sequence comparisons and analysis of trypsin proteolysis
indicated metazoan H1s typically have a tripartite structure, with a
short (30 residue), protease sensitive N-terminal tail domain, a
central (80 residue) stably folded and protease resistant globular
domain and, a 100 residue, protease sensitive and highly basic
C-terminal domain [25,81] (Fig. 3A). However, variations on this
theme can be found, with some H1s exhibiting much longer
C-terminal domains and others exhibiting alternative domain
structures, typically in lower eukaryotes [4]. For example,
Saccharomyces cerevisiae has a single H1-like protein, Hho1p, with
a unique structure containing two globular domains connected by
a short C-terminal tail-like domain [82], whereas Tetrahymena H1
lacks a globular region altogether [83,84]. Though in higher
eukaryotes the number of H1 variants within an organism is typi-
cally much larger, the tripartite domain structure is generally
maintained, with differences in sequences primarily found in the
C-terminal regions. In mammals there are 11 variant subtypes, ﬁve
of which are ubiquitously expressed in somatic cells, with addi-
tional subtypes with tissue speciﬁcity including H1.0 found in ter-
minally differentiated cells [85].
8. H1 interactions and functions in chromatin
Although H1 is an essential component of higher-order chro-
matin structure [73], many molecular details of how H1 binds to
nucleosomes in chromatin remain unknown. Early studies exploit-
ing sensitivity of chromatin to nucleases revealed an increased rate
of micrococcal nuclease digestion of the 50 bp region of DNA
between nucleosome cores upon removal of histone H1 [86], indi-
cating H1 is important for protecting linker DNA. Careful analysis
of products of micrococcal nuclease digestion of chicken erythro-
cyte chromatin showed a deﬁned product larger than a nucleo-
some core particle, termed the chromatosome, which contains
DNA fragments of 168 bp, the four core histones and linker his-
tone [87]. This work indicated that linker histone protects an addi-
tional 20 bp of DNA from nuclease digestion compared to
nucleosome core particles, that is, on average, symmetrically dis-
posed to either side of the 147 bp core DNA [87]. Thus
high-afﬁnity H1 binding to the nucleosome requires 10 bp exten-
sions to each of the ends of the nucleosome core DNA and suggests
that this single domain contacts 3 distinct DNA segments in chro-
matin. The appearance of chromatin under electron microscope in
various ionic conditions also indicated that H1 is located near the
entry/exit points of DNA and stabilizes the wrapping of nucleo-
some DNA near the edge of the core region, as evident by changes
in salt dependent structures in H1-depleted and native chromatin
[88]. Though a single H1 was initially presumed to interact with
each nucleosome, it was not clear if H1:nucleosome stoichiometry
was the same for all cell nuclei. A direct chemical radiolabeling
method used to measure linker histone stoichiometry relative to
core histones showed, in vivo, one H1 is generally associated with
each nucleosome, although that the ratio of H1:nucleosomes in the
nucleus naturally varies over a range of about 0.8-1.4 [4,89].
9. H1 domain structure and function
Early studies of the re-association of H1 peptides with reconsti-
tuted oligonucleosomes or linker histone-depleted chromatin
revealed the trypsin resistant globular domain (GH1) is also sufﬁ-
cient to protect the extra 20 bp of DNA in chromatosomes from
micrococcal nuclease digestion, though full length H1 may be
required for full compaction of chromatin [81]. These studies
revealed that the globular domain is sufﬁcient for
structure-speciﬁc recognition of nucleosomes, and likely binds
along the nucleosome dyad, contacting the central wrap of
Fig. 3. Model of H1 binding to nucleosome. (A) Domain structure of metazoan linker histone showing the 25–35 residue ‘unstructured’ N-terminal domain (NTD), 80
residue globular domain (G), and the 100–120 residue ‘unstructured’ C-terminal domain (CTD). Model of the globular domain from ref [91]. (B–E) Simpliﬁed models showing
approximate sites for interaction of H1 globular domain with the nucleosome from refs. [81,112,113,115], respectively. (F) Three-contact model for linker histone globular
domain binding within a nucleosome. Two views of a nucleosome with proposed location of a linker histone globular domain (green) are shown, with DNA and core histones
colored grey and blue, respectively. Approximately 20 additional bp of DNA are depicted beyond the boundary of the nucleosome core region.
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DNA entering/exiting the structure. Thus these studies suggested
the globular domain binds in a pocket formed by three distinct
DNA surfaces where the linker DNA exits and enters the nucleo-
some (Fig. 3B).
Though less conserved than core histones, the linker histone
globular domain is more conserved and more hydrophobic than
either N- or C-terminal regions (NTD and CTD, respectively).
While GH1 can be obtained by trypsin digest, subsequent homoge-
neous preparation of recombinant GH1 allowed for analysis of sec-
ondary structure by homonuclear and 1H-15N heteronuclear 2D
NMR, which revealed 3 a-helices and a possible b-hairpin [90].
Also using a recombinant polypeptide, Ramakrishnan and col-
leagues obtained a 2.5 Å resolution X-ray crystal structure that
showed the entire fold of the globular domain of the closely related
linker histone H5, including the beta hairpin described in the GH1
structure [91] (Fig. 3A). Comparison of the GH5 structure to the
tertiary structure assignment of GH1 from a later NMR studyrevealing a remarkably similar 3D structure of linker histone glob-
ular domains, albeit with slight differences in electrostatic poten-
tials, which may relate to differences in function [92]. Both
globular domain structures contain a characteristic DNA-binding,
winged-helix domain, as well as two additional surfaces with the
potential for DNA binding, consistent with the three DNA surface
contact model mentioned above (Fig. 3B).
The H1 NTD contains two unique regions, a proline and alanine
rich subdomain and a shorter highly basic region near the globular
domain [93]. H1 peptides lacking NTD are as effective as full-length
H1 in inducing higher-order chromatin structure but do not as efﬁ-
ciently confer protection of 168 bp DNA from MNase digestion
[71]. An H1 NTD contribution to binding afﬁnity is also reﬂected
in FRAP analysis of murine H1.0 and H1c NTD domain swapping
experiments [94]. These observations suggest that though H1
NTD is not necessary for chromatin condensation, it may serve as
an anchor for H1 positioning in such a way that seals off DNA
entering and exiting the nucleosome.
2920 A.R. Cutter, J.J. Hayes / FEBS Letters 589 (2015) 2914–2922The C-terminal domain of linker histones has a sequence loosely
based on a repeat of the sequence S/TPXK [95] and typicallyP100
amino acid residues in length, with lysine constituting 40% of the
residues, evenly distributed throughout the domain [28,96].
Alanine is also highly abundant, representing 20–35% of the resi-
dues, followed by, proline, valine, and serine, while Gln, Asn, Glu,
Asp, His, Phe, Ile, Leu, Cys, Trp, and Tyr are either not found or
rarely found in H1 CTDs [28]. Interestingly, arginine is rarely found
and is restricted to quiescent cell-type speciﬁc H1 variants. The
very high basic residue content within the CTD is consistent with
the primary function of this domain in stabilizing higher order
chromatin structure via neutralization of DNA charge, primarily
in the linker DNA [71,97,98]. The CTD also greatly stabilizes bind-
ing of H1 to chromatin within nuclei [80,99].
The CTD is sensitive to proteases and is known to be disordered
when the protein is free in solution [100]. Moreover, the amino
acid content of the CTD is characteristic of an intrinsically disor-
dered protein domain [28]. Consistent with this idea, the amino
acid composition rather than the primary sequence appears to be
more important for the chromatin condensing function of the pro-
tein [101,102]. The CTD also interacts with numerous nuclear fac-
tors, both in chromatin and in the nucleolus [103,104]. Thus, the
function of this intrinsically disordered region may be to accom-
modate disparate interactions with diverse macromolecular part-
ners in the nucleus.
In accordance with with its molecular behavior as an intrinsi-
cally discorded domain, a substantial amount of a-helical structure
within peptides derived from CTDs can be induced by secondary
structure stabilizing solvents [105]. Moreover, FT-IR spectroscopy
indicates that diverse secondary structural elements can be
induced in the presence of short DNA fragments or in solution con-
ditions leading to substantial neutralization of the negative charge
within the domain [106,107]. More recent work employing FRET
indicates that the CTD undergoes a transition from a random coil
conformation to a much more condensed structure upon H1.0
binding to nucleosomes [108]. Interestingly, while H1.0 binding
to naked DNA fragments also induces CTD condensation, the
induced structure is distinct from that found when H1 is bound
to nucleosomes [108,109]. Future work deﬁning the structure of
the CTD in different contexts, with posttranslational modiﬁcations
such as phosphorylation, and in complex with different macro-
molecular binding partners will clearly be important in elucidating
the molecular mechanisms related to H1 structure and function.10. Speciﬁc H1-nucleosome interactions
As mentioned above, micrococcal nuclease protection studies
and electron microscopy of native chromatin indicated H1 binding
near the center of the nucleosome, stabilizing and orienting the lin-
ker DNA entering and exiting the nucleosome core [81,88] (Fig. 3B).
In addition, DNase I footprinting studies of H1 and H5 within din-
ucleosomes suggested the globular domain contacts the DNA near
nucleosomal DNA entry/exit points, and at the dyad axis and that
NTD and CTD regions may account for partial protections of adja-
cent regions of linker DNA [110]. In the following decades, many
attempts to better characterize H1-nucleosome interactions
resulted in several models [111,112]. Nuclease protection, directed
DNA cleavage, and chemical crosslinking studies of H1 and H5
bound nucleosomes reconstituted on 5S RNA gene templates indi-
cated linker histones do not substantially alter the organization of
DNA in the core, but did lead to protection of an additional 20 bp of
DNA, asymmetrically distributed relative to the core particle, con-
tacting the inner surface of the DNA superhelix, near one end of the
5S nucleosome [70,113,114]. This lead to a model in which the
globular domain inserts inside the superhelical DNA wrap,extending the ramp of charge provided by the core histones at
one end of the nucleosome [113,114] (Fig. 3C). Site-directed pro-
tein–DNA photo-crosslinking to map GH5 on native chicken nucle-
osomes lead to a model whereby the GH5 is positioned between
the central turn of DNA near nucleosome dyad and one of the lin-
ker arms [115] (Fig. 3D). Using FRAP to probe effects of mutations
within the H1.0 globular domain on the stability of binding to
nucleosomes in living cells, Brown et al. deﬁned two principle
DNA binding sites on the GH1 surface comprised of clusters of mul-
tiple residues, supporting a model whereby GH1 DNA binding
domain residues interact with a major groove near the dyad and
the minor groove of one linker DNA [112] (Fig. 3E).
Computational analysis of GH5–DNA interactions by Fan and
Roberts provided evidence that GH5 electrostatic potential is
unique from that of other winged-helix proteins, identifying three
distinct DNA binding sites where the primary DNA binding site is
divided into two separate DNA interaction sites [116]. A model
resulting from this work indicated GH5 binding at the nucleosome
dyad, contacting three distinct DNA surfaces, consistent with pre-
vious on-dyad models [81]. A recent comprehensive study combin-
ing electron cryomicroscopy (cryoEM), and hydroxyl radical
footprinting of H1 bound to mono-, di- and tri-, nucleosomes has
provided further evidence for the globular domain located at the
dyad and contacting 3 DNA surfaces, similar to the original model
[117] (Fig. 3B and F). Hydroxyl radical footprinting provides single
base resolution and indicated that H1 binding results in the protec-
tion of the outward-facing DNA minor groove at the dyad, as well
as DNA beyond edge of nucleosomal core, consistent with H1 orga-
nizing the linker DNA into a stem structure [117]. Further attempts
to understand the H1 binding and orientation were made via solu-
tion NMR of Drosophila H1-nucleosome complex using H1 and CTD
truncation mutants. Paramagnetic relaxation enhancement (PRE)
experiments suggest GH1 bridges nucleosome core and one of
the two linker DNA segments asymmetrically, with the a3 helix
of the globular domain facing the DNA near the nucleosome dyad,
and implicates both the H1 CTD and H2A CTD in formation of the
H1-nucleosome complex [118]. Moreover recent FRAP results sug-
gest the possibility that linker histone variants might have unique
modes of association with nucleosomes [119].
Despite numerous studies, several critical aspects of how linker
histone bind and orient on the nucleosome remain unclear. In
order to advance our understanding of the structural and func-
tional role of linker histones, we must elucidate the molecular
details of nucleosome recognition by H1. For example, experimen-
tal evidence is still needed to conﬁrm the idea that the globular
domain interacts with the wide minor groove at the dyad in a man-
ner similar to that observed for winged-helix proteins binding to
cognate major grooves. Moreover, little is known regarding speciﬁc
sites of interactions of the N- and C-terminal domains of H1 within
the nucleosome or how posttranslational modiﬁcations may affect
the structure and/or interactions of these domains.
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